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Polarization speckle is a fine granular light pattern having spatially varying random polariza-
tion profile. We generate these speckle patterns by using the scattering of Poincaré beams, a
special class of vector vortex beams, through a ground glass plate. Here, the Poincaré beams
are generated using a polarization sensitive spatial light modulator displaying an on-axis holo-
gram corresponding to an optical vortex phase profile. The different inhomogeneities of the
rough surface experience different polarizations, which control the ability for scattered waves
to interfere at the detection plane and causes a spatially varying polarization profile. We experi-
mentally determined the spatial variation of local degree of polarization and orientation of the
polarization ellipse for these speckle patterns from the Stokes analysis. We also determined the
size of scalar speckles using the auto-correlation function of Stokes parameter S0 and the size
of polarization speckles using the sum of auto-correlation functions of remaining three Stokes
parameters. We found that the scalar speckle size is independent of index of the vector beam
but the size of polarization speckles decreases with the increase in index of the vector beam. ©
2016 Optical Society of America
OCIS codes: (260.5430) Polarization; (030.1640) Coherence; (030.6140) Speckle; (050.4865) Optical Vortices.
http://dx.doi.org/10.1364/optica.XX.XXXXXX
1. INTRODUCTION
The cylindrical vector beams are known for their non-
separability in polarization and spatial mode as well as for
spatially varying polarization states [1, 2]. These beams are
solutions to the vector wave equation and have a vectorial sin-
gularity in their polarization distribution as a C-point at which
the orientation of polarization ellipse is undefined or L-line at
which the sign of rotation is undefined [3–5]. If the vectorial sin-
gularity coincides with optical phase singularity, then the beams
are called vector vortex beams. These beams have ability to pro-
duce tighter focal spots and stronger longitudinal field gradients
[6]. The non-separability of vector beams is utilized in many
applications such as polarization metrology [7], high speed kine-
matic sensing [8] and single shot Mueller polarimetry [9]. The
vector beams can be generated using laser resonators[10], liquid
crystal display elements [11] and also using the superposition of
Laguerre-Gaussian beams [12]. The vector vortex beams gener-
ated by the superposition of LG beams contain the polarization
states that completely span the surface of Poincaré sphere and
named Poincaré beams. The polarization singularities are also
realized in random light fields such as speckles [13–15].
Speckle pattern is a fine granular pattern of light obtained
by the scattering of a coherent light beam [16]. These patterns
are due to the interference of many scattered wave fronts com-
ing from different scatterers of a rough surface to the detection
plane. The speckles and their statistical properties are utilized
in a variety of applications such as imaging, optical coherence
tomography, and astronomy [17]. We have previously studied
the scattering of optical vortices in detail and found that the tem-
poral intensity correlation for scattered light decays sharper with
the order of a vortex [18]. It is also observed that the size of speck-
les decreases with the order that is attributed to the increase in
area of illumination at the scattering plane due to increase in
order of the vortex [19, 20]. Recently, the non-diffracting nature
has been realized for the random fields generated by scattering
the "perfect" optical vortices, whose size and shape are invariant
with the order [21]. The speckles with spatially varying polar-
ization i.e. polarization speckles, are getting a lot of attention in
biomedical optics especially for distinguishing different types of
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skin cancers [22, 23]. These speckles can be generated using the
superposition of two speckle patterns obtained by the scattering
of orthogonally polarized Gaussian beams through statistically
independent random media [24].
In this work, we demonstrate a scheme for generating po-
larization speckles using the scattering of Poincaré beams of
different indices. When we scatter these beams each and every
scatterer experiences different polarization and all of the scat-
tered waves with random polarizations interfere at the detection
plane resulting in the formation of polarization speckles. We
also present the statistical properties of generated speckles using
Stokes analysis and quantification of scalar and vector speckle
size. It has been showed that the scalar speckle size is indepen-
dent of the index of Poincaré beams and the size of polarization
speckles decreases with the increase in index.
2. EXPERIMENTAL DETAILS
The experimental set up for generating the vector beams as
well as polarization speckles is shown in Fig. (1). A diode
pumped solid state laser (Coherent Verdi-V10) of wavelength
532 nm with vertical polarization has been used. The laser beam
passes through a half wave plate (HWP) in order to change
the composition of two orthogonal polarizations i.e. horizontal
(H) and vertical (V). The spatial light modulator (SLM) used
here is sensitive to polarization i.e. the displayed phase will be
imparted to the vertically polarized light only and the light with
horizontal polarization will be unaffected.
Verdi-V10
HWP
M
Wavelength = 532 nm
Power = 0.01-10W
BS
P
QWP
GGP CCDSLM
QWP
Fig. 1. (Colour online) The experimental set-up for the gen-
eration of Poincaré beams and their scattering to generate
polarization speckles. Here M–Mirror, HWP–Half wave plate,
BS–Beam splitter, SLM–Spatial light modulator, QWP–Quarter
wave plate, GGP–Ground glass plate, P–Polarizer, CCD–
Camera.
Here, we display an on-axis hologram for generating the op-
tical vortex beam. For on-axis holograms, the phase pattern of
vortex beams is displayed on the SLM and the singularity in
phase is directly transferred to the vertically polarized Gaussian
beam so that the vertically polarized vortices are generated in
the central order and overlap with the unaffected H component.
The output from the SLM is the superposition of horizontally
polarized Gaussian beam and vertically polarized vortex beam.
This is the vector vortex beam in the linear polarization basis
that contains two opposite C-singular points in its polarization
profile for the case of topological charge 1 for the vortex [4]. This
beam can be converted to the vector vortex beam in circular
polarization basis using a quarter wave plate (QWP) with an
isolated C-singular point. This superposition forms a Poincaré
beam containing either lemon or star patterns in the polarization
ellipse orientation field. We also generate vector vortex beams
of higher indices by displaying on-axis phase holograms corre-
sponding to the higher order optical vortices on SLM. Poincaré
beams are known for their non-separability in polarization and
spatial mode. It can be represented mathematically as:
|Ψ >= c1|R, 0 > +c2|L, m > (1)
where R, L represent the right circular and left circular polariza-
tions. 0, m represent the azimuthal mode indices of the spatial
modes and c1 and c2 are superposition constants. The constants
c1 and c2 can be easily controlled just by rotating the fast axis of
HWP. The constants in terms of fast axis orientation of HWP are
given by
c1 = sin 2θ; c2 = cos 2θ (2)
The polarization of light incident on SLM and nature of the
generated beam for different fast axis orientations of HWP have
been summarized in table(1).
3. RESULTS AND DISCUSSION
A. Polarization profile of vector beams
Figure 2 shows the polarization profiles of generated vector
beams with isolated C-singular point corresponding to the differ-
ent fast axis orientations of HWP. We have studied the evolution
of polarization singularity with the change in fast axis orienta-
tion of HWP that controls the amount of non-separability of the
beam. At zero fast axis orientation of HWP, we have only verti-
cal polarization incidents on SLM that forms the left circularly
polarized scalar vortex beam. The same is verified (left in Fig.(2))
using polarization profiles. At 45◦ fast axis orientation, we have
only horizontal polarization which will be remain unaffected
by SLM i.e. at output we have right circularly polarized Gaus-
sian beam. We didn’t observe the singularity in polarization
at 40◦ fast axis orientation of the half wave plate, which may
be due to the uncertainties in the angles of wave plates used
to manipulate the polarization (right in Fig.(2)). However, at
HWP@0 HWP@20 HWP@40
Fig. 2. (Colour online) The experimentally generated polar-
ization profiles of vector vortex beams for different HWP fast
axis orientations θ for m=1. Green and magenta colour ellipses
represent the right circular and left circular nature of the polar-
ization states respectively.
22.5◦ fast axis orientation, the HWP converts vertical polariza-
tion into diagonal that has equal components for horizontal and
vertical polarizations. After the SLM, we have equal amount of
horizontally polarized Gaussian beam and vertically polarized
vortex beam whose superposition forms the vector vortex beam
in linear polarization basis. After passing through QWP, this
beam converted as the vector vortex beam in circular polariza-
tion basis. We have shown (middle in Fig.(2)) the formation
of polarization singularity at 20◦ fast axis orientation of HWP.
These polarization singularities are having star pattern which is
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θ Polarization on SLM c1 c2 Nature of the beam
0◦ Vertical 0 1 Scalar vortex beam
22.5◦ Diagonal 1√
2
1√
2
Vector vortex beam
45◦ Horizontal 1 0 Scalar Gaussian beam
Table 1. The nature of the generated beam and the incident polarization states for different fast axis orientations of HWP.
consistent with the mσ sum rule [3], where σ = ±1 is the spin
angular momentum component.
B. Polarization speckles
HWP@0
HWP@20 HWP@40
HWP@10
Fig. 3. (Colour online) The experimental results for polariza-
tion speckles obtained by the scattering of vector vortex beam
of order m=1 for different HWP fast axis orientations. Green
and magenta colour ellipses represent the left circular and
right circular nature of the polarization states respectively.
After verifying the presence of a star pattern in the polariza-
tion profile of vector vortex beam using the polarimetry, we scat-
ter these beams through a rough surface, the ground glass plate
(GGP) obtained from Thorlab (DG-20-220). The generated speck-
les have been recorded for different polarization projections
using a QWP and a Polarizer in order to get the Stokes parame-
ters. The spatial polarization structure of the speckles generated
by the scattering of vector vortex beams at different fast axis ori-
entations of the HWP are shown in Fig. 3. The ellipses have been
constructed using the Stokes parameters. For the zero degree
fast axis orientation of HWP, the speckles have spatially uniform
polarization as we are scattering the scalar vortex beam i.e. spa-
tially uniform polarized light beam. However, with the increase
in fast axis orientation of HWP, the superposition of Gaussian
and vortex beams of different intensities will be formed. When
the intensities of Gaussian and vortex beams are equal then the
beam will have spatially varying polarization pattern to the max-
imum extent(at 22.5◦ fast axis orientation of HWP). When we
scatter these non-separable beams, the generated speckles have
spatially non-uniform i.e. random polarization profile as shown
in Fig. 3. The non-separability of polarization and spatial mode
increases when we change the HWP orientation from 0◦ to 22.5◦.
Due to the spatial variation of polarization in Poincaré beams,
the different inhomogeneities experience different polarizations
while scattering through the ground glass plate. The scattered
waves having different polarizations interfere at the detection
plane and form the resultant polarization profile which is ran-
dom in nature and this randomness increases with the increase
in the non-separability of the beam.
C. Stokes parameter distributions
The spatial variation of polarization in the speckle pattern is
confirmed through the Stokes parameter distributions. At 0◦
fast axis orientation of HWP, we have only circular polarization
component, which is in agreement with polarization of the inci-
dent beam as it has uniform left circular polarization and shown
at the top of Fig. 4. At 20◦ fast axis orientation of HWP, the
incident beam has spatially varying polarization and different
inhomogeneities experience different polarization and produces
random spatial polarization profile, consequently all Stokes pa-
rameters are random in space as shown in bottom of Fig. 4.
S0 S1 S2 S3 DOP 
HWP@0o    
HWP@ 20o
Fig. 4. (Colour online) The spatial variation of Stokes parame-
ters and degree of polarization (DOP) of polarization speckles
corresponding to the order m=1 at HWP fast axis orientation
of 0◦ (top) and 20◦ (bottom).
We also verify the presence of random polarization for dif-
ferent indices of Poincaré beams which are shown in Fig. 5
while keeping the fast axis orientation of HWP as 20◦. It is clear
from both the figures (4, 5)that the speckles have well defined
polarization at each and every local point and degree of polar-
ization is equal to 1. However, the spatial averaging over the
entire space gives the degree of polarization as ’0’ corresponding
to un-polarized light. One can also observe that the width of
random polarization structures present in Stokes parameters
decreases with the increase in index of Poincaré beams. This
suggests that the width of auto-correlation function of Stokes
parameters decreases with the index.
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S0 S1 S2 S3 DOP 
m=1
m=2
m=3
Fig. 5. (Colour online) The Stokes parameters and DOP of
polarization speckles corresponding to different indices of
Poincaré beams at 20◦ fast axis orientation of the HWP.
D. Size of polarization speckles
We have also done a quantitative analysis in order to determine
the size of scalar and vector polarization speckles, the latter be-
ing length scale up to which the correlations in polarization exist.
This is done using the statistical properties of Stokes parameters.
It has been suggested that the width of the auto-correlation func-
tion of Stokes parameter S0 gives the scalar speckle size and the
width of the sum of auto-correlation functions of three Stokes
parameters can be considered the size of polarization speckles
[24]:
Cs =< S0S0 > (3)
Cp =< S1S1 > + < S2S2 > + < S3S3 > (4)
where Cp, Cs are the correlation function of polarization and
scalar speckles, and (S0, S1, S2, S3) are Stokes parameters.
Figure 6 shows the auto-correlation functions for all the four
Stokes parameters corresponding to different indices of vector
beam m = 1, 2, 3 and at 20◦ fast axis orientation of HWP. It seems
00SS 11SS 22SS 33SS
m=1
m=2
m=3
Fig. 6. The 2-D auto-correlation functions for the Stokes pa-
rameters.
from the figure that the size of scalar speckles is independent
of the index whereas the size of polarization speckles decreases
with the index of the vector beam. This has been confirmed by
quantifying the width of correlation function.
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Fig. 7. (Colour online) The correlation lengths for Stokes pa-
rameters (left) and the size of polarization speckles (right) vs
order m.
Figure 7 shows the correlation lengths corresponding to the
Stokes parameters corresponding to different indices m=1-3. It
is clear from the figure that the correlation length for S0 is nearly
independent of index and the correlation lengths for the remain-
ing three Stokes parameters decrease with the index. It is very
interesting to see that the scalar speckle size is independent of
index. This is in contrast to the behaviour of speckles generated
by the scalar vortex beams where the speckle size decreases with
the increase in order as discussed in ref.[20]. For the present
case, the size of polarization speckle behaves similarly, decreas-
ing with the increase in index. This may find applications in
imaging and communications as one can control the correlation
in polarization while keeping the intensity correlation the same.
4. CONCLUSIONS
In conclusion, we have experimentally generated the Poincaré
beams using the polarization sensitive SLM. We have used their
scattering for generating the polarization speckles i.e. spatially
random polarization profile. We verified the presence of ran-
dom polarization using the Stokes parameter analysis. We also
showed that the size of the intensity speckles is independent of
the index of the vector beam whereas the polarization speckle
size decreases with the increase in index.
REFERENCES
1. Q. Zhan, Adv. Opt. Photon. 1, 1-57 (2009).
2. A. Aadhi, P. Vaity, P. Chithrabhanu, S. G. Reddy, S. Prabhakar,
and, R. P. Singh, Appl. Opt. 55, 1107 (2016).
3. V. Kumar, and N. K. Viswanathan, J. Opt. Soc. Am. B 31,
A40-45 (2014).
4. V. Kumar, G. M. Philip, and N. K. Viswanathan, J. Opt. 15,
044027 (2013).
5. F. Cardano, E. Karimi, S. Slussarenko, L. Marrucci, C. D. Lisio,
and E. Santamato, Appl. Opt. 51, C1-6 (2012).
6. R. Dorn, S. Quabis, and G. Leuchs, Phys. Rev. Lett. 91, 233901
(2003).
7. F. toppel, A. Aiello, C. Marquardt, E. Giacobino, and G.
Leuchs, New. J. Phys. 16, 073019 (2014).
8. S. B. Johansen, F. Toppel, B. Stiller, P. Banzer, M. Ornigotti, E.
Giacobino, G. Leuchs, A. Aiello, and C. Marquardt, Optica,
2, 864 (2015).
9. A. Aiello, F. Toppel, C. Marquardt, E. Giacobino, and G.
Leuchs, New. J. Phys. 17, 043024 (2015).
10. D. Pohl, Appl. Phys. Lett. 20, 266 (1972).
11. W. Han, W. Cheng, and Q. Zhan, Opt. Lett. 36, 1605 (2011).
12. A. M. Beckley, T. G. Brown, and M. A. Alonso, Opt. Express
18, 10777 (2010).
13. M. R. Dennis, Opt. Commun. 213, 201 (2002).
Research Article Vol. X, No. X / April 2016 / Optica 5
14. J. Dupont, and X. Orlik, Opt. Express 23, 6041 (2015).
15. O. V. Angelsky, A. G. Ushenko, Y. A. Ushenklo, and Y. G.
ushenko, J. Phys. D: Appl. Phys. 39, 3547 (2006).
16. J. C. Dainty, Laser Speckle and related phenomena (Springer
Verlag, 1984).
17. J. W. Goodman, Speckle phenomena in optics, (Indian edition
2008).
18. A. Kumar, J. Banerji, and R. P. Singh, Phys. Rev. A 86, 013825
(2012).
19. S. G. Reddy, A. Kumar, Shashi Prabhakar, and R. P. Singh,
Opt. Lett. 38, 4441 (2013).
20. S. G. Reddy, S. Prabhakar, A. Kumar, J. Banerji, and R. P.
Singh, Opt. Lett. 39, 4364 (2014).
21. S.G. Reddy, Chithrabhanu P, Pravin V, Aadhi A, Shashi
Prabhakar, and R. P. Singh, J. Opt. 18, 055602 (2016).
22. L. Tchvialeva, G. Dhadwal, H. Lui, S. Kalia, H. Zeng, D. I.
McLean, and T. K. Lee, J. Biomed. Opt. 18,061211 (2012).
23. R. K. Singh, D. N. Naik, H. Itou, Y. Miyamoto, and M.
Takeda, J. Opt. 16,105010 (2014).
24. W. Wang S. G. Hanson, and M. Takeda, Proceedings of
IX international conference on Correlation Optics, 738803
(2009).
25. M. Takeda, W. Wang, and S. G. Hanson, Proc. SPIE 7387,
Speckle 2010: Optical Metrology, 73870V (2010).
INFORMATIONAL FIFTH PAGE
REFERENCES
1. Q. Zhan, Cylindrical vector beams: from mathematical concepts
to applications, Adv. Opt. Photon. 1, 1-57 (2009).
2. A. Aadhi, P. Vaity, P. Chithrabhanu, S. G. Reddy, S. Prab-
hakar, and, R. P. Singh, Non-coaxial superposition of vector
vortex beams, Appl. Opt. 55, 1107 (2016).
3. V. Kumar, and N. K. Viswanathan, Topological structures in
vector-vortex beam fields, J. Opt. Soc. Am. B 31, A40-45 (2014).
4. V. Kumar, G. M. Philip, and N. K. Viswanathan, Formation
and morphological transformation of polarization singularities:
hunting the monstar, J. Opt. 15, 044027 (2013).
5. F. Cardano, E. Karimi, S. Slussarenko, L. Marrucci, C. D.
Lisio, and E. Santamato, Polarization pattern of vector vortex
beams generated by q-plates with different topological charges,
Appl. Opt. 51, C1-6 (2012).
6. R. Dorn, S. Quabis, and G. Leuchs, Sharper focus for a radially
polarized light beam, Phys. Rev. Lett. 91, 233901 (2003).
7. F. toppel, A. Aiello, C. Marquardt, E. Giacobino, and G.
Leuchs, Classical entanglement in polarization metrology, New.
J. Phys. 16, 073019 (2014).
8. S. B. Johansen, F. Toppel, B. Stiller, P. Banzer, M. Ornigotti,
E. Giacobino, G. Leuchs, A. Aiello, and C. Marquardt, Clas-
sically entangled optical beams for high-speed kinematic sensing,
Optica, 2, 864 (2015).
9. A. Aiello, F. Toppel, C. Marquardt, E. Giacobino, and G.
Leuchs, Quantum-like non-separable structures in optical beams,
New. J. Phys. 17, 043024 (2015).
10. D. Pohl, Operation of a Ruby laser in the purely transverse
electric mode TE01, Appl. Phys. Lett. 20, 266 (1972).
11. W. Han, W. Cheng, and Q. Zhan, Flattop focusing with full
Poincaré beams under low numerical aperture illumination, Opt.
Lett. 36, 1605 (2011).
12. A. M. Beckley, T. G. Brown, and M. A. Alonso, Full Poincaré
beams, Opt. Express 18, 10777 (2010).
13. M. R. Dennis, Polarization singularities in paraxial vector fields:
morphology and statistics, Opt. Commun. 213, 201 (2002).
14. J. Dupont, and X. Orlik, Polarized vortices in optical speckle
field: observation of rare polarization singularities, Opt. Express
23, 6041 (2015).
15. O. V. Angelsky, A. G. Ushenko, Y. A. Ushenklo, and Y. G.
ushenko, Polarization singularities of the object field of skin
surface, J. Phys. D: Appl. Phys. 39, 3547 (2006).
16. J. C. Dainty, Laser Speckle and related phenomena (Springer
Verlag, 1984).
17. J. W. Goodman, Speckle phenomena in optics, (Indian edition
2008).
18. A. Kumar, J. Banerji, and R. P. Singh, Hanbury Brown – Twiss
– type experiments with optical vortices and observation of mod-
ulated intensity correlation on scattering from rotating ground
glass, Phys. Rev. A 86, 013825 (2012).
19. S. G. Reddy, A. Kumar, Shashi Prabhakar, and R. P. Singh,
Experimental generation of ring-shaped beams with random
sources, Opt. Lett. 38, 4441 (2013).
20. S. G. Reddy, S. Prabhakar, A. Kumar, J. Banerji, and R. P.
Singh, Higher order optical vortices and formation of speckles,
Opt. Lett. 39, 4364 (2014).
21. S.G. Reddy, Chithrabhanu P, Pravin V, Aadhi A, Shashi
Prabhakar, and R. P. Singh, Non-diffracting speckles of a perfect
vortex beam, J. Opt. 18, 055602 (2016).
22. L. Tchvialeva, G. Dhadwal, H. Lui, S. Kalia, H. Zeng, D.
I. McLean, and T. K. Lee, Polarization speckle imaging as a
Research Article Vol. X, No. X / April 2016 / Optica 6
potential technique for in vivo skin cancer detection, J. Biomed.
Opt. 18,061211 (2012).
23. R. K. Singh, D. N. Naik, H. Itou, Y. Miyamoto, and M.
Takeda, Characterization of spatial polarization fluctuations in
scattered field, J. Opt. 16,105010 (2014).
24. W. Wang S. G. Hanson, M. Takeda, Statistics of polarization
speckle: theory versus experiment, Proceedings of IX interna-
tional conference on Correlation Optics, 738803 (2009).
25. M. Takeda, W. Wang, S. G. Hanson, Polarization speckles
and generalized Stokes vector wave: a review, Proc. SPIE 7387,
Speckle 2010: Optical Metrology, 73870V (2010).
